, IB, and ␤-catenin. We report the isolation of a CUL1 binding protein, p120 
, a protein we initially isolated as a CUL1 binding protein. unit, the F box proteins (Bai et al., 1996) . CUL1 also associates with the RING finger protein ROC1 (also called RBX1 or HRT1) which links SCF to the ubiquitinResults conjugating enzyme E2 and the activating enzyme E1 for the ubiquitin transfer reaction (Deshaies, 1999) . CUL1
Isolation of p120 as a CUL1-Associated Protein belongs to the cullin family consisting of at least six To identify potential regulators of SCF, CUL1 complexes members (CUL1 to CUL6). All cullin-containing comwere immunoprecipitated from lysates of 35 S-methioplexes appear to act as ubiquitin E3 ligases (Deshaies, nine-labeled HeLa cells. We found that the majority of 1999). For example, CUL2 forms a complex with the von CUL1 was specifically associated with two proteins of Hippel-Lindau tumor suppressor (VHL) and elongin B 25 and 120 kDa, p25 and p120 ( Figure 1A ). p120 was and C, and regulates the stability of the hypoxia-inducisolated using anti-CUL1 immunoaffinity chromatograible transcription factor HIF in response to oxygen levels phy and was subjected to protein sequencing. The (Ohh et al., 2002) . CUL5 is involved in the degradation amino acid sequences of two derivative peptides were of p53 mediated by adenovirus E4orf6 and E1B55K profound to match the protein sequences of rat and human teins (Querido et al., 2001 ).
TIP120A, a protein previously isolated as a GST-TBPinteracting protein in HeLa extract (Yogosawa et al., 1996) . The recombinant human TIP120A was found to elec-CAND1 Is Present in a Complex with CUL1 and ROC1 but Does Not Bind to SKP1 and SKP2 trophorese at the same mobility as p120 ( Figure 1A) . Partial V8 protease mapping of the recombinant The active SCF ubiquitin E3 ligase complex contains SKP1, CUL1, F box proteins such as SKP2, and ROC1 TIP120A against p120 also suggested that they were identical (data not shown). We found that TIP120A (Deshaies, 1999) . Analysis of immunoprecipitated SCF and CAND1 complexes revealed that although SKP1 strongly interacted with CUL1 and CUL4A and 4B, and weakly associated with CUL2 ( Figure 1B ). Because and SKP2 strongly interacted with CUL1, there was little association between CAND1 and SKP1 or SKP2 ( Figure  TIP120A is a major cullin binding protein, we renamed it CAND1 for cullin-associated nedd8-dissociated pro-1B). However, ROC1 was found to associate with CAND1 ( Figure 1B ), albeit to a lesser extent than CUL1. These tein 1 (see below). We have also noticed the existence of a TIP120A homolog, TIP120B, in the EST and the analyses suggest that CAND1 forms a complex with CUL1 and ROC1 independently of SKP1 and SKP2. GenBank databases (Aoki et al., 1999 Figure 1B) . To determine whether with CAND1 ( Figure 1D ), deletion of just 31 amino acids CAND1 affects the binding of SKP1 or SKP2 to CUL1, from the carboxyl terminus of CUL1 abolished CAND1 recombinant GST or GST-CAND1 was added to HeLa binding ( Figure 1D ), suggesting that CAND1 association extracts. While GST did not affect SKP1 binding, GSTrequires the carboxyl terminus of CUL1. The carboxyl CAND1 caused a marked dissociation of both SKP2 and termini of cullins are well conserved (Deshaies, 1999) , SKP1 from CUL1 in the extract ( Figure 2D ). These data raising the possibility that this conserved domain in culindicate that CAND1 binding to CUL1 prevents the interlins may provide a binding or recognition site for CAND1 action between SKP1/SKP2 and CUL1, suggesting that or other CAND1-like proteins such as CAND2. the binding of CAND1 or SKP1/SKP2 to CUL1 is mutually exclusive.
To examine whether CAND1 can inhibit SCF activity,
CAND1 Preferentially Binds to Unneddylated CUL1
we examined the effect of CAND1 on p27 ubiquitination. In vivo, a small fraction of CUL1 is neddylated at lysine
We 2B and 2C ). This antibody probably blocks the access of endogenous CSN to CUL1, preventing ATP caused dissociation of CAND1, this process greatly stimulated the association between CUL1 and SKP1 or CUL1 deneddylation. Conversely, removal of endogenous ATP by apyrase converts most of CUL1 into the SKP2 ( Figure 3A, lanes 3-7) . Although ROC1 association with CUL1 appeared to be higher without ATP, increasunneddylated form (Figures 2B and 2C ). This reaction is likely catalyzed by endogenous CSN in the extract.
ing ATP and neddylation of CUL1 led to a slight reduction in their association ( Figure 3A ). Addition of ADP or AMPUsing this system, we found that CAND1 preferentially associated with the unneddylated form of CUL1 (Figures PNP produced no effect (data not shown).
We also examined the effect of a low concentration 2B and 2C). Recombinant GST-CAND1 preferentially pulled down the unneddylated form of CUL1 from the (2 mM) of ATP and the presence of anti-CSN2 antibody which promotes neddylation ( Figure 3B ). In this case, extract ( Figure 2B ). Because the CSN2 antibody shifts the equilibrium to promote neddylation of CUL1, it markboth neddylation of CUL1 and SKP1 binding were again greatly enhanced, which correlated with the dissociation edly reduced the binding of CAND1 to CUL1 in the extract (Figures 2B and 2C) . The endogenous CAND1 in the of CAND1 from CUL1. Our results suggest that in the presence of ATP, neddylation of CUL1 and removal of extract exhibited the same preference as the exogenous CAND1 for the unmodified CUL1 ( Figure 2C ). Con-CAND1 are coupled to the association of SKP1 and SKP2 with the CUL1/ROC1 complex, leading to assemfied GST, GST-SKP1, or GST-SKP2 with or without ATP bly of the SCF SKP2 complex. (Figure 3D) . CUL1 complexes were then repurified and CAND1 binding to CUL1 was determined. We found that while either SKP1 or ATP alone did not significantly SKP1 and ATP Cooperatively Mediate CAND1 affect CAND1 association with CUL1, SKP1 and ATP Dissociation from CUL1 act cooperatively to dissociate CAND1 from CUL1 (FigTo further investigate the effect of neddylation on CUL1,  ure 3D ). This dissociation of CAND1 occurs without a CUL1 mutant was made in which the critical lysine CUL1 neddylation, as the original CAND1/CUL1 com-720 for neddylation is converted to arginine (K720R). plex was isolated from the extract in which ATP was This mutation was shown to abolish CUL1 neddylation removed. However, incubation of SKP2 did not appear (Read et al., 2000) . Indeed, the K720R mutant could to cause CAND1 dissociation from CUL1 ( Figure 3D ). not be neddylated in our HeLa extract ( Figure 3C ). In Thus, either neddylation of CUL1, or SKP1 and ATP addition, the ability of CAND1 to interact with the K720R can regulate CAND1 binding to CUL1. Regulation of mutant appeared to be much lower than the wild-type the concentration of these factors may modulate the CUL1, suggesting that CAND1 may recognize the conassembly of the SCF complex. served lysine 720 in CUL1 for its binding ( Figure 3C ). However, we found that addition of ATP still reduced the binding of CAND1 to the K720R mutant in the extract Overexpression of CAND1 Causes the Dissociation ( Figure 3C, lane 6) , suggesting that ATP can regulate the of SKP1 from CUL1 but Promotes ROC1 Binding interaction between CAND1 and CUL1 independently of The in vivo function of CAND1 was initially investigated CUL1 neddylation.
by ectopic expression of CAND1. Overexpression of The association of CAND1 and SKP1 with CUL1 ap-CAND1 in Phenix cells led to its strong association with pears to be mutually exclusive ( Figure 2D ). To determine CUL1 ( Figure 4A ). Consistent with our in vitro data (Figwhether SKP1 or SKP2 also conversely affects CAND1 ure 2D), expression of CAND1 also induced the signifibinding to CUL1, the CAND1/CUL1 complex was isocant dissociation of the endogenous SKP1 and SKP2 lated from HeLa extract pretreated with apyrase ( Figure  3D) . This complex was then incubated with either purifrom CUL1 ( Figure 4A and data not shown), suggesting that CAND1 can be inhibitory in vivo for the formation 4E). Since we found that in HeLa extract dissociation of CAND1 removed an inhibitory effect on the binding of of the SCF complex.
We have also repeatedly observed that although the SKP1 and SKP2 to CUL1 and caused the enhanced interaction between SKP1/SKP2 and CUL1 (Figures 3A endogenous SKP1 and SKP2 dissociated from CUL1 in CAND1-expressing cells, the interaction between enand 3B), we examined whether CAND1 has the same effect in vivo. HeLa cells were treated with siRNA against dogenous ROC1 and CUL1 was in fact slightly stimulated by CAND1 ( Figure 4A ). Such an increase is consis-CAND1 to reduce its levels. CUL1, SKP1, and SKP2 containing complexes were then immunoprecipitated tent with our finding that CAND1 interacts with both CUL1 and ROC1 ( Figure 1C) and that in the apyrasefrom control and CAND1 siRNA-treated cells. The presence of these proteins in the SCF complex was analyzed treated extract, the binding of CAND1 and ROC1 to CUL1 increases in parallel with reduced SKP1 or SKP2 and compared. We have consistently observed that, in parallel to the disappearance of CAND1 from CUL1 by association ( Figure 3A) . CAND1 siRNA, loss of CAND1 resulted in a significant increase of the binding of both SKP1 and SKP2 to CUL1 Effect of Silencing CAND1 in Human Cells ( Figure 4E ). These results indicated that both in vivo and To further analyze the function of CAND1 in vivo, the in vitro, CAND1 binding to CUL1 negatively regulates expression of endogenous CAND1 was silenced by the association between SKP1 and F box protein SKP2 siRNA (Elbashir et al., 2001) . To determine the efficiency and CUL1. of siRNA, a SKP2 siRNA was initially tested. Treatment
We also observed that knockdown of CAND1 levels of HeLa cells with SKP2 siRNA but not a control siRNA often caused a small reduction in total SKP2 levels (Figcaused significant downregulation of SKP2 (Figure 4B) . ures 4C and 4E). Previous studies suggest that F box To determine whether the siRNA effect of SKP2 is funcproteins such as SKP2 are not stable; they undergo tional, the levels of p27, a critical SKP2 substrate, were a CUL1-dependent and ubiquitin-mediated proteolysis monitored. As expected, silencing of SKP2 greatly in- Figure 4C ). However, we could not CAND1 binds to both CUL1 and ROC1 ( Figure 1B) . In cells overexpressing CAND1, the binding of ROC1 to successfully measure alterations in the half-life of SKP2 because of the small change in SKP2 protein levels. In CUL1 appears to increase ( Figure 4A ). To determine the silencing effect of CAND1, the interaction between CUL1 the CAND1 siRNA-treated cells, a slight increase in p27 levels was also observed ( Figure 4C ). This increase of and ROC1 was examined in control and CAND1 siRNAtreated cells. Our studies suggest that CAND1 silencing p27 occurred at the protein level since there was no corresponding increase in p27 RNA ( Figure 4C ). These caused a slight decrease in the interaction between ROC1 and CUL1 ( Figure 4D) . However, the majority of observations are consistent with results from previous studies showing that incorporation of F box proteins into ROC1 is still bound to CUL1 in CAND1-deficient cells.
These data suggest that CAND1 may contribute to mod-GH07774), and mammals. The existence of CAND1-like activities in other organisms requires further examinaulation of the interaction between ROC1 and CUL1.
tion. Since neddylation of cullins is highly conserved, it remains to be determined whether neddylation has Discussion further functions. We also cannot rule out that CAND1 has additional functions (Yogosawa et al., 1996) . Further We have isolated p120 CAND1 as a CUL1 binding protein and studies are necessary to elucidate the regulation of cullin found that it also binds to ROC1 but not to SKP1 and E3 ligases in many important biological processes. F box protein SKP2 (Figures 1 and 4) . Both in vitro and in vivo, CAND1 regulates the formation of the SCF Experimental Procedures complex by preventing the association between CUL1 and SKP1/SKP2 (Figures 2D and 4A) 
